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ARTICLE
Fast Adaptation in Mouse Olfactory Sensory Neurons Does Not 
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Vertebrate olfactory sensory neurons rapidly adapt to repetitive odorant stimuli. Previous studies have shown that 
the principal molecular mechanisms for odorant adaptation take place after the odorant-induced production of 
cAMP, and that one important mechanism is the negative feedback modulation by Ca2+-calmodulin (Ca2+-CaM) of 
the cyclic nucleotide-gated (CNG) channel. However, the physiological role of the Ca2+-dependent activity of phos-
phodiesterase (PDE) in adaptation has not been investigated yet. We used the whole-cell voltage-clamp technique 
to record currents in mouse olfactory sensory neurons elicited by photorelease of 8-Br-cAMP, an analogue of cAMP 
commonly used as a hydrolysis-resistant compound and known to be a potent agonist of the olfactory CNG channel. 
We measured currents in response to repetitive photoreleases of cAMP or of 8-Br-cAMP and we observed similar 
adaptation in response to the second stimulus. Control experiments were conducted in the presence of the PDE 
inhibitor IBMX, confi  rming that an increase in PDE activity was not involved in the response decrease. Since the 
total current activated by 8-Br-cAMP, as well as that physiologically induced by odorants, is composed not only of 
current carried by Na+ and Ca2+ through CNG channels, but also by a Ca2+-activated Cl− current, we performed 
control experiments in which the reversal potential of Cl− was set, by ion substitution, at the same value of the 
holding potential, −50 mV. Adaptation was measured also in these conditions of diminished Ca2+-activated Cl− 
current. Furthermore, by producing repetitive increases of ciliary’s Ca2+ with fl  ash photolysis of caged Ca2+, we 
showed that Ca2+-activated Cl− channels do not adapt and that there is no Cl− depletion in the cilia. All together, 
these results indicate that the activity of ciliary PDE is not required for fast adaptation to repetitive stimuli in mouse 
olfactory sensory neurons.
INTRODUCTION
Detection of odorants from the external environment 
begins in the olfactory sensory epithelium in the nasal 
cavity, where odorant molecules bind to odorant recep-
tor proteins in the ciliary membrane of vertebrate olfactory 
sensory neurons, triggering the olfactory transduction 
cascade that produces an electrical signal. Adaptation to 
repetitive or maintained odorant stimuli starts at the level 
of olfactory sensory neurons through a Ca2+-dependent 
modulation of the olfactory transduction cascade, 
  although the two different types of adaptation could 
  involve some different molecular mechanism.
Olfactory transduction involves the activation of odor-
ant receptor–coupled GTP-binding protein, adenylate 
cyclase III, and the subsequent increase in the ciliary 
concentration of cAMP, which directly opens cyclic nu-
cleotide-gated (CNG) channels, allowing a depolarizing 
infl  ux of Na+ and Ca2+ ions into the cilia. The increase 
in intraciliary Ca2+ concentration produces both excit-
atory and inhibitory effects (Schild and Restrepo, 1998; 
Menini, 1999; Firestein 2001; Matthews and Reisert, 
2003; Menini et al., 2004). An excitatory action of 
the increase of Ca2+ concentration is the opening of 
Ca2+-activated Cl− channels and, since olfactory sensory 
neurons maintain an unusually high intraciliary con-
centration of Cl− (Reuter et al., 1998; Kaneko et al., 
2004), a consequent effl  ux of Cl− from the cilia causes 
a further depolarizing current (Kleene and Gesteland, 
1991; Kleene, 1993; Kurahashi and Yau, 1993; Lowe and 
Gold, 1993a; Frings et al. 2000). Recently, it has been 
shown that the Na-K-2Cl cotransporter NKCC1 is in-
volved in the maintenance of a high Cl concentration 
inside olfactory sensory neurons (Reisert et al., 2005), 
although a very recent study indicates the possibility 
that NKCC1 is not the only component involved in this 
process (Nickell et al., 2006).
The Ca2+ inhibitory effects are mainly mediated by its 
binding to calmodulin (CaM). The feedback actions of 
the complex Ca2+-calmodulin (Ca2+-CaM) in the cilia in-
clude the inhibition of adenylate cyclase III by the Ca2+-
CaM-dependent protein kinase II (Wayman et al., 1995; 
Boekhoff et al., 1996; Wei et al., 1996, 1998), the enhance-
ment of the activity of the ciliary phosphodiesterase 
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PDE1C2 that hydrolyzes cAMP (Borisy et al., 1992; Yan 
et al., 1995), and a negative feedback modulation on 
the CNG channel (Kramer and Siegelbaum, 1992; Chen 
and Yau, 1994; Balasubramanian et al., 1996; Kleene, 
1999; Bradley et al., 2001; Trudeau and Zagotta, 2003; 
Bradley et al., 2004).
The restoration of Ca2+ concentrations to basal levels 
occurs via a Na+/Ca2+ exchanger, which extrudes Ca2+ 
from the olfactory cilia (Jung et al., 1994; Reisert and 
Matthews, 1998; Reisert and Matthews, 2001).
Olfactory sensory neurons have been shown to rap-
idly adapt to repetitive odorant stimuli (Kurahashi and 
Shibuya, 1990; Kurahashi and Menini, 1997; Leinders-
Zufall et al., 1998; Ma et al., 1999; Reisert and Matthews, 
1999; Reisert and Matthews, 2001; Ma et al., 2003). 
Kurahashi and Menini (1997) have investigated the mo-
lecular mechanisms of fast odorant adaptation and have 
shown that the reduction of the transduction current in 
the adapted state is attributable to processes occurring 
after the production of cAMP, and could be described 
by a negative feedback on cAMP-gated channels. They 
investigated the effects of Ca2+ occurring after the pro-
duction of cAMP by activating the CNG channels 
  directly by rapid and repetitive increments in cAMP 
concentrations through the photocleavage of caged 
cAMP in the olfactory cilia (Lowe and Gold, 1993a,b; 
Kurahashi and Menini, 1997; Takeuchi and Kurahashi, 
2002, 2003, 2005; Lagostena and Menini, 2003).
In recent years, several studies have characterized in 
more detail the infl  uence on adaptation of the negative 
feedback modulation by Ca2+-CaM of the cAMP sensi-
tivity of heteromeric olfactory CNG channels (Bradley 
et al., 2001, 2004, 2005; Munger et al., 2001). However, 
so far, the physiological role played in adaptation by the 
enhancement given by Ca2+-CaM to the activity of the 
ciliary PDE1C2 (Borisy et al., 1992; Yan et al., 1995) has 
not been investigated. One way of testing the role of 
PDE1C2 in adaptation would be to compare the re-
sponses of PDE1C2-null mice with those of wild-type 
mice. In the absence of knock-out mice for PDE1C2, we 
chose instead a different strategy. We investigated the 
role of PDE1C2 in fast adaptation to repetitive stimuli 
by using 8-Br-cAMP to activate currents in the cilia be-
cause C-8–substituted derivatives of cyclic nucleotides 
are commonly used as hydrolysis-resistant compounds 
(Braumann et al., 1986; Butt et al., 1995; Beltman et al., 
1995). Moreover, it is well established that 8-Br-cAMP is 
a potent agonist of the native olfactory CNG channel: it 
elicits the same maximal current as cAMP, the concen-
tration activating half of the maximal current is  5–10 
times lower than that of cAMP, and the channel sensitiv-
ity to 8-Br-cAMP is modulated by Ca2+-CaM similarly to 
cAMP (Balasubramanian et al., 1996). We produced ra-
pid and repetitive amounts of 8-Br-cAMP in the cilia by 
photocleavage of [6,7-bis(carboxymethoxy)coumarin-
4-yl]methyl (BCMCM)–caged 8-Br-cAMP. The total 
  elicited current is composed, as the odorant-induced 
response, of two distinct inward currents: a fi  rst current 
fl   owing through CNG channels carried by Na+ and 
Ca2+ into the cilia, followed by an effl  ux of Cl− through 
channels activated by the increase in intracellular Ca2+. 
With repetitive release of 8-Br-cAMP we reproduced 
previously measured properties of fast odorant adapta-
tion, such as Ca2+ dependence, reduction in the ampli-
tude of the adapted response, subsequent recovery to 
the control amplitude with prolonged intervals between 
stimuli, and shift of the dynamic range of the response. 
These results are consistent with the hypothesis that 
PDE1C2 does not play a relevant role in adaptation to 
repetitive stimuli. However, a study in retinal rods has 
shown that endogenous PDEs degrade 8-Br-cGMP, even 
though hydrolysis of 8-Br-cGMP proceeds at least 500 
times more slowly than that of cGMP (Zimmerman 
et al., 1985). To our knowledge, there are no reports on 
the resistance to hydrolysis of 8-Br-cAMP by PDE1C2, 
and therefore we also performed control experiments 
using a broad range PDE inhibitor, IBMX, and found 
that adaptation to repetitive stimuli was still present.
Moreover, to clarify the contribution to adaptation of 
the cationic current through CNG channels and of the 
anionic current through Ca2+-activated Cl− channels, 
we performed additional experiments preventing the 
current contribution through Cl− channels. We changed 
the Cl− concentration to have a reversal potential for 
Cl− equal to the holding potential of −50 mV; in these 
ionic conditions, the current was mainly carried by CNG 
channels and adaptation was still present, consistent 
with inhibition of CNG channels. Finally, we also di-
rectly investigated the possibility that Ca2+ could pro-
duce additional adaptation at the level of Ca2+-activated 
Cl− channels. We photoreleased Ca2+ from caged Ca2+ 
with repetitive fl  ashes applied to the cilia and we mea-
sured the same peak amplitude responses, indicating 
that the Ca2+-activated Cl− channel did not contribute 
to adaptation.
Taken together, these results indicate that fast adapta-
tion to repetitive stimuli in mouse olfactory sensory 
neurons does not require the activity of PDE. However, 
it should be noted that our results do not exclude the 
possibility that PDE plays a physiological role in adapta-
tion in different experimental conditions, such as with 
long odorant exposures.
MATERIALS AND METHODS
Dissociation of Mouse Olfactory Sensory Neurons
Olfactory sensory neurons were dissociated enzymatically from 
the olfactory epithelium of 4–8-wk-old mice of the BALB/c strain, 
as previously described (Lagostena and Menini, 2003). In brief, 
mice were anesthetized with CO2 inhalation, decapitated, and 
then the head was hemisected sagittally along the septum. The ol-
factory epithelium was removed and dissected at 4°C and minced 
with fi  ne forceps in zero-divalent mammalian Ringer’s solution   Boccaccio et al. 173
(in mM: 140 NaCl, 5 KCl, 10 HEPES, 1 EDTA, 10 glucose, 1 Na-
pyruvate, pH 7.2). The tissue was incubated in 1 mM cysteine and 
1 U/ml papain for 20 min at room temperature; the reaction was 
terminated with 1 ml of Ringer’s solution (in mM: 140 NaCl, 
5 KCl, 1 CaCl2, 1 MgCl2, 10 HEPES, 10 glucose, and 1 Na-pyruvate, 
pH 7.2) with 0.1 mg/ml BSA, 200 μg/ml leupeptin, and 
0.025 mg/ml DNase I. Cells were carefully triturated with a fl  ame-
polished Pasteur pipette, fi  ltered with cell strainer with 40 μm di-
ameter pores to discard cells’ agglomerates, centrifugated, and 
resuspended in Ringer’s solution. Cells were then plated on glass 
coverslips coated with concanavalin A and poly-l-lysine to favor 
cell adhesion.
Before use, dissociated olfactory sensory neurons were allowed 
to settle for at least 45 min at 4°C. Dissociated preparations were 
constantly perfused with normal Ringer’s solution (2 ml/min). 
Olfactory sensory neurons were observed with an inverted micro-
scope (Olympus IX70) with an oil-immersion 100× objective 
(Olympus or Carl Zeiss MicroImaging, Inc.) and identifi  ed by 
their characteristic bipolar shape. Only olfactory sensory neu-
rons with clearly visible cilia were used for the experiments. After 
the whole-cell confi  guration was reached, in some cases the neu-
ron was detached from the bottom of the chamber. After the 
whole-cell confi  guration, olfactory sensory neurons sometimes 
rounded progressively and the dendrite partially retracted, as 
previously described (Dubin and Dionne 1994; Reisert and 
  Matthews 1999).
Patch-clamp Recordings
Currents were measured with an Axopatch 200B or Axopatch 1D 
patch-clamp amplifi  er (Axon Instruments) in the whole-cell voltage-
clamp mode. Patch pipettes were made using borosilicate capillar-
ies (WPI) and pulled with a Narishige PP83 puller (Narishige), 
using a double stage pull. The diameter of the tip was  1 μm and 
the pipette resistances were 2–7 MΩ when fi  lled with the standard 
intracellular solution. Currents were low-pass fi  ltered at either 
250 Hz or 1 kHz and acquired respectively at 500 Hz or 2 kHz by the 
analogue-to-digital interface Digidata 1322A (Axon Instruments). 
In a few cases, for current drawings, some data were digitally 
smoothed or a further fi  lter was applied offl  ine to remove 50 Hz 
due to perfusion. Acquisition and storage of data were performed 
with PClamp 8.2 software (Axon Instruments). All experiments 
were performed at room temperature (20–22°C).
Synthesis of Caged Cyclic Nucleotides
The caged cAMP and 8-Br-cAMP used in this study were 
the   equatorial diastereomers of BCMCM-caged cAMP ([6,7-
bis(car  boxymethoxy)coumarin-4-yl]methyl adenosine 3′,5′-cyclic 
  mono  phosphate)  and of the BCMCM-caged derivative of the 
PDE-  resistant 8-Br-cAMP, respectively. BCMCM-caged cAMP was 
prepared as previously described (Hagen et al., 2001). BCMCM-
caged 8-Br-cAMP (axial diastereomer: 31P NMR [DMSO-d6] 
δ −4.68; 1H NMR [DMSO-d6] δ 4.33 [dt, J = 10.0 and 4 Hz, 1H], 
4.43 [t, J = 10 Hz, 1H], 4.73–4.75 [m, 1H], 4.82 [s, 2H], 4.90 
[s, 2H], 5.00 [d, J = 5 Hz, 1H], 5.48 [m, 2H], 5.59–5.62 [m, 1H], 
5.92 [s, 1H], 6.46 [s, 1H], 7.09 [s, 1H], 7.23 [s, 1H], 7.68 [br s, 
2H], 8.14 [s, 1H]; UV [HEPES buffer, pH 7.2] λmax [ε] 347 nm 
[10300 M−1cm−1]; equatorial diastereomer: 31P NMR [DMSO-
d6] δ −2.65; 1H NMR [DMSO-d6] δ 4.41 [q, J = 10.0 Hz, 1H], 
4.52–4.56 [m, 1H], 4.77–4.80 [m, 1H], 4.81 [s, 2H], 4.90 [s, 2H], 
5.05 [d, J = 5 Hz, 1H], 5.42 [d, J = 7 Hz, 2H], 5.49–5.52 [m, 1H], 
5.92 [s, 1H], 6.39 [s, 1H], 7.08 [s, 1H], 7.21 [s, 1H], 7.65 [br s, 
2H], 8.23 [s, 1H]; UV [HEPES buffer, pH 7.2] λmax [ε] 346 nm 
[10000 M−1cm−1]) was synthesized in analogy to BCMCM-caged 
cAMP by reaction of the free acid of 8-Br-cAMP and [6,7-bis
(tert-butoxy  carbonylmethoxy)coumarin-4-yl]diazomethane, dia-
stereomer separation using preparative reverse-phase HPLC 
and subsequent deprotection of the tert-butoxy groups with 
  trifl  uoroacetic acid. The yield was 15.8%. The two caged com-
pounds exhibited remarkable photochemical properties, like 
rapid release of the cyclic nucleotides (the photoconversion 
takes place within a few nanoseconds), high effi  ciency of photo-
cleavage, long-wavelength absorption maxima and high solubility 
as well as stability in aqueous solutions (Hagen et al., 2005).
Photolysis of Caged Compounds
For fl  ash photolysis of the caged compounds we used a xenon 
fl  ash-lamp system JML-C2 (Rapp OptoElectronic GmbH) coupled 
with the epifl  uorescence port of the microscope with a quartz 
light guide. The spot of light had a diameter of  15 μm that 
could cover only the ciliary region or also part of the dendrite. 
Given the very small size of mouse olfactory sensory neurons it 
was sometimes technically diffi  cult to restrict the illumination 
area to the cilia only. Moreover after obtaining the whole-cell con-
fi  guration, sometimes the dendrite retracted and also part of the 
body was illuminated by the fl  ash.
The released energy at the objective was of few mJ, and this was 
reduced to an unknown grade of intensity inside the cilia. The 
fl  ash duration was <1.5 ms and was kept constant during each 
  experiment. The light intensity was controlled by neutral-density 
  fi  lters (Omega Optical or Glen Spectra) capable of reducing the 
maximal intensity in the range from 0.1 to 89% of its value and 
by changing the settings of the fl  ash lamp, spanning a range of 
 40 times. The fi  lter integrity was tested by using a photodiode. 
The interval between experiments was at least 2 min in order to 
allow the cell to recover completely from adaptation.
Solutions
The extracellular mammalian Ringer solution contained (in mM): 
140 NaCl, 5 KCl, 1 CaCl2, 1 MgCl2, 10 HEPES, 10 glucose, and 
1 sodium pyruvate, pH 7.4. The composition of the nominally 
0 Ca2+ extracellular solution was similar except that it contained 
10 mM EGTA and no added Ca2+. Whole-cell pipette solution 
contained (in mM): 145 KCl, 4 MgCl2, 0.5 EGTA, 10 HEPES, 
1 MgATP, 0.1 GTP, pH 7.4. In some experiments,   intracellular 
free Ca2+ concentration was buffered to  100 nM by adding 
0.24 mM CaCl2 (MaxChelator, http://www.stanford.edu/~cpatton/
maxc.html). In the experiments designed to separate cationic 
from anionic currents, we replaced part of the intracellular chlo-
ride with gluconate (Vrev for chloride = −50 mV). The pipette 
gluconate-solution contained (in mM): 12 KCl, 133 potassium 
gluconate, 4 MgCl2, 0.24 CaCl2, 0.5 EGTA, 10 HEPES, 
1 MgATP, 0.1 GTP, pH 7.4 (calculated free Ca2+ 84 nM with Max-
Chelator). Osmolarity was adjusted to 310 mOsm for the extracel-
lular and to 290 mOsm for the intracellular solution. Liquid 
junction potential was corrected off-line for the experiments per-
formed with the gluconate intracellular solution.
The caged cyclic nucleotides BCMCM-cAMP and BCMCM-8-
Br-cAMP were dissolved in DMSO at 50 or 10 mM and stored 
at −20°C for up to 3 mo. The fi  nal concentrations, 50 μM for BC-
MCM-8-Br-cAMP and varying from 50 μM to 250 μM for BCMCM-
cAMP, were obtained by diluting an aliquot of the stock solution 
into the pipette solution, kept refrigerated in the dark during the 
experimental session, and stored for a few days at −20°C.
The intracellular recording solution for the photorelease 
of caged Ca2+ contained (in mM): 3 DMNP-EDTA, 1.5 CaCl2, 
140 KCl, 10 HEPES, pH 7.4. DMNP-EDTA was purchased from 
Molecular Probes-Invitrogen, and CaCl2 was adjusted with a 0.1 M 
standard solution from Fluka.
The caged compounds were allowed to diffuse freely from the 
patch pipette into the cytoplasm of an olfactory sensory neuron for 
at least 2 min after establishment of the whole-cell confi  guration.
The adenylate cyclase inhibitors MDL-12,330A and SQ 22,536 
were dissolved in Ringer solution and used at a fi  nal concentra-
tion of 50 and 100 μM, respectively. IBMX was dissolved in DMSO 174 Adaptation in Olfactory Sensory Neurons
at 100 mM and an aliquot was added to Ringer solution to a fi  nal 
concentration of 300 μM.
Chemicals, except for caged cyclic nucleotides or otherwise 
stated, were purchased from Sigma-Aldrich.
Data Analysis
Data analysis and fi  gures were made with Igor software (Wavemet-
rics). Current amplitudes at each holding potential were calcu-
lated by subtracting the value of the baseline. Averages were shown 
± standard deviation and the total number of neurons (N).
RESULTS
Responses of Olfactory Sensory Neurons to Photorelease 
of 8-Br-cAMP in the Cilia
Fig. 1 A shows the current responses of one olfactory 
sensory neuron to photorelease of 8-Br-cAMP in the 
cilia. Various concentrations of 8-Br-cAMP were ob-
tained by using neutral density fi  lters to reduce the 
maximal intensity of light. Peak amplitudes were found 
to increase with fl  ash intensity. Peak current amplitudes 
were plotted as a function of the relative light intensity, 
F, in Fig. 1 B for the cell shown in A (see also Fig. 7). 
Data were fi  tted by the Hill equation:
 
nn n
max 1/2 I/I = F /(F  +   F ),
 
(1)
where I is the peak current measured at the relative 
light intensity F, Imax is the maximal measured peak 
current, F1/2 is the relative intensity producing 50% of 
Imax, and n is the Hill coeffi  cient. The best fi  t gave Imax = 
226 pA, F1/2  = 0.41, and n = 5.4 Similar relations 
  between light intensity and current response were 
measured in a total of nine different olfactory sensory 
neurons. The average value for the Hill coeffi  cient was 
n = 4.0 ± 0.8 (N = 9). In Fig. 1 C, data from the nine 
neurons were combined and plotted as normalized 
peak currents (I/Imax) versus normalized relative fl  ash 
intensities (F/F1/2).
The total current induced by photorelease of 8-Br-
cAMP is due, similarly to the odorant-induce current, to 
the sequential activation of two types of channels in a 
nonlinear fashion. CNG channels are activated fi  rst, fol-
lowed by the activation of Ca2+-activated Cl channels.
To obtain an estimate of the cytoplasmic concentra-
tion of 8-Br-cAMP photoreleased inside the cilia, we 
modifi  ed the experimental conditions to measure only 
the contribution of CNG channels to the elicited current. 
Then, assuming that the relation between photo-
released cyclic nucleotide and fl  ash intensity is linear 
(Lowe and Gold, 1993a), we estimated the 8-Br-cAMP 
concentration by comparing the normalized current 
at various fl   ash intensities with the known dose–
  response relation for the native olfactory CNG channel. 
To avoid activation of Ca2+-activated Cl− channels, we 
prevented Ca2+ entry through the CNG channels re-
cording in nominally 0 Ca2+ extracellular solutions in 
the presence of 10 mM EGTA and in the absence of 
added Ca2+. Currents induced by various light intensi-
ties at a holding potential of −50 mV (Fig. 2, A–C) 
were measured and fi  tted by the Hill equation (Eq. 1). 
The average Hill coeffi  cient was reduced from the av-
erage value of 4.0 ± 0.8 in Ringer solution to 1.9 ± 0.4 
in 0 Ca2+, consistent with the reduction in the nonlin-
ear amplifi  cation due to the absence of activation of 
the Cl− component. To obtain an estimate of the cyto-
plasmic concentration of photoreleased 8-Br-cAMP, 
we compared our data with dose–response relation-
ships for 8-Br-cAMP measured, in the absence of Ca2+, 
Figure 1.  Current responses induced by photorelease of 8-Br-cAMP as a function of fl  ash intensity. (A) 50 μM caged 8-Br-cAMP diffused 
into the cell from the patch pipette and fl  ashes of increasing intensity and identical duration were applied to the ciliary region. The ar-
row indicates the time of application of light fl  ashes of various relative intensities: 0.1, 0.32, 0.5, and 1. Whole-cell current responses were 
measured at the holding potential of −50 mV. (B) Peak currents from the cell in A were plotted as a function of the relative light inten-
sity, F. The continuous line was the best fi  t of the Hill Eq. 1 to the data with the following values: Imax = 226 pA, F1/2 = 0.41, and n = 5.4. 
(C) Collected results from nine different olfactory sensory neurons. Each symbol represents a different cell. Both axes are normalized 
values. Normalized peak currents in each cell (I/Imax) were plotted versus the logarithm of the relative intensity normalized to the F1/2 
value (F/F1/2) for each cell. The continuous line was the best fi  t of Eq. 1 to the collected data with n = 3.3. Values of F1/2 ranged from 
0.10 to 0.47, n from 3 to 5.4, and Imax from −160 to −1200 pA.  Boccaccio et al. 175
in excised inside-out patches at −50 mV in the rat: 
K1/2 = 0.37 μM, n = 1.9 (Balasubramanian et al., 
1996), or in the mouse: K1/2 = 0.8 μM, n = 1.4 (Pifferi 
et al. 2006). We estimated that the maximal photo-
released concentration of 8-Br-cAMP varied between 
 5 and 10 μM.
Since olfactory sensory neurons often became very 
unstable in the absence of Ca2+ and in the presence of 
10 mM EGTA in the extracellular solution, we also used 
a different experimental protocol to diminish Ca2+ en-
try and subsequent Cl− current activation. Experiments 
were performed in Ringer solution at the holding po-
tential of +50 (Figs. 2, D–F). In these conditions, the 
infl  ux of Ca2+ through CNG channels is greatly reduced 
and the outward current is mainly carried by K ions, 
whose permeation through CNG channels is similar to 
that of Na ions (Kaupp and Seifert, 2002). In these ex-
perimental conditions, the average Hill coeffi  cient was 
reduced from 4.0 ± 0.8 in Ringer at −50 mV to 1.7 ± 0.1 
in Ringer at +50 mV, consistent with the reduced Ca2+ 
entry and the absence of activation of the Cl− compo-
nent, as in Fig. 2 C. The comparison with dose–response 
relationships for 8-Br-cAMP measured at +50 mV in 
  excised inside-out patches in the mouse K1/2 = 0.4 μM, 
n = 1.2 for 8-Br-cAMP at +50 mV (Pifferi et al. 2006), 
produced an estimated maximal photoreleased concen-
tration of 5–7 μM.
To obtain an estimation of the released concentra-
tion at a given intensity, it should be noted that since in 
different cells F1/2 varied, the dose–response in the 
  absence of Ca2+ per each individual cell should 
be measured.
Kinetics of Recovery to Baseline in Nominally 0 Ca2+
We found a large variability in the time necessary for the 
current to return to baseline both in nominally 0 Ca2+ 
and Ringer solutions. In the absence of added Ca2+ and 
in the presence of 10 mM EGTA Ca2+ does not enter 
into the cilia, and therefore both its excitatory and its 
inhibitory actions are precluded. In these ionic condi-
tions, the recovery of the current to baseline is likely to 
be mainly due to the decrease in the intraciliary con-
centration of 8-Br-cAMP due to diffusion from the cilia 
to the cell body (Chen et al., 1999). Fig. 3 shows record-
ings from one cell in which the current, in 0 Ca2+, has 
already reached the maximal value at 50% of the maxi-
mal light intensity. Higher light intensities such as 80%, 
and 100% produced the same current peak, but caused 
an increase in the time necessary for the current to re-
turn to baseline. The observation that the time required 
for recovery to baseline after the fl  ash is longer for 
higher light intensities indicates that although the CNG 
current was already fully activated, the intraciliary con-
centration of 8-Br-cAMP could be further increased.
Figure 2.  Estimation of the 
photoreleased concentration 
of 8-Br-cAMP. (A–C) Current 
responses in 0 Ca2+ Ringer 
solution (with 10 mM EGTA) 
induced by photorelease of 
8-Br-cAMP as a function of 
fl  ash intensity at −50 mV. In 
the absence of Ca2+ entry, 
the current was entirely due 
to CNG channels. (D–F) Ca2+ 
entry was also reduced by re-
cording at +50 mV in Ringer 
solution. (A and D) Arrows 
indicate the time of applica-
tion of light fl  ashes of various 
relative intensities: 0.01, 0.1, 
0.32, and 0.8 in A and 0.25, 
0.4, 0.8, and 1 in D in two dif-
ferent neurons. Peak currents 
from the experiments in A 
and D were plotted as a func-
tion of the relative light in-
tensity in B and E, respectively. 
The continuous line was the 
best fi  t of the Hill Eq. 1 to the 
data with the following values: (B) Imax = 1070 pA, F1/2 = 0.28, n = 1.8; (E) Imax = 653 pA, F1/2 = 0.34, n = 1.7. Collected results from 
data at −50 mV in 0 Ca2+ solution from three different olfactory sensory neurons (C), and from data at +50 mV in Ringer solution from 
two different olfactory sensory neurons (D). Each symbol represents a different cell. Both axes are normalized values. Normalized peak 
currents in each cell (I/Imax) were plotted versus the logarithm of the relative intensity normalized to the F1/2 value (F/F1/2) for each 
cell. The continuous line was the best fi  t of Eq. 1 to the collected data with n = 1.8 in C and 1.7 in F. The average value for n was 1.9 ± 0.4 
(N = 3) at −50 mV and 0 Ca2+ solution, and 1.7 ± 0.1 (N = 2) at +50 mV in Ringer solution.176 Adaptation in Olfactory Sensory Neurons
Adaptation: Responses to Repetitive Stimuli
Fig. 4 shows adaptation measured in Ringer solution in 
response to two repetitive identical fl  ashes photoreleas-
ing 8-Br-cAMP (Fig. 4, A and C) or cAMP (Fig. 4, B and D) 
and the absence of adaptation in nominally 0 Ca2+ solu-
tion (Fig. 4 E). Since 8-Br-cAMP is  5–10 times more 
effi  cient than cAMP in activating olfactory CNG chan-
nels (Balasubramanian et al., 1996; Pifferi et al., 2006), 
in these experiments a higher concentration of caged 
cAMP (250 μM) than caged 8-Br-cAMP (50 μM) was 
  included in the patch pipette to obtain free ciliary cyclic 
nucleotide concentrations activating CNG channels 
with a similar open probability. In Fig. 4 (A and B), 
  recordings in 8-Br-cAMP were obtained with an inter-
fl  ash interval of  20 s, both at the holding potential 
of −50 mV and, to reduce the Ca2+ infl  ux, of +50 mV. 
In Fig. 4 A at +50 mV (top trace), the peak responses to 
the fi  rst and second fl  ash had similar values of 159 and 
149 pA, respectively. On the contrary, at the holding po-
tential of −50 mV (bottom trace), the peak response to 
the fi  rst fl  ash was −951 pA, while the second fl  ash pro-
duced a smaller current of −402 pA, therefore reduc-
ing the current to 42% of its initial value. Fig. 4 B shows 
currents induced by cAMP in a different neuron at the 
same 20-s interfl  ash interval. In the illustrated neuron, 
results were similar to those shown in Fig. 4 A for 8-Br-
cAMP: at +50 mV, repetitive fl  ashes produced similar 
peak currents (116 and 107 pA), whereas at −50 mV, 
the second fl  ash induced a peak current (−160 pA) 
that was 38% of that caused by the fi  rst fl  ash (−421 pA). 
At −50 mV, similar results were obtained in fi  ve neurons 
for 8-Br-cAMP and in three neurons for cAMP. Fig. 4 
(C and D) illustrates neurons in which interfl  ash inter-
vals of 5–6 s induced similar adaptation in 8-Br-cAMP 
and cAMP. Similar results were measured in 10 neurons 
for 8-Br-cAMP and in 5 neurons for cAMP. As previously 
noted for the dose–response relations, the heterogene-
ity of responses is likely to be due to several reasons: 
  illumination of the neurons, percentage of CNG, and 
Ca2+-activated Cl− current. To measure adaptation to 
repetitive photoreleases of cyclic nucleotides, it is criti-
cal to determine if it is possible to obtain reproducible 
concentrations of cyclic nucleotide with each fl  ash. 
Control experiments were performed in nominally 
0 Ca2+ solution, where the absence of Ca2+ entry pre-
vents both adaptation and activation of Ca2+-activated 
Cl− channels, and therefore currents are entirely due to 
activation of CNG channels only. Repetitive fl  ashes of 
the same light intensity produced similar peak currents 
both at +50 mV (226 and 225 pA) and at −50 mV 
(−306 and −290 pA), indicating that the same cyclic 
nucleotide concentration was released (Fig. 4 E).
These results are in general agreement with previous 
observations that odorant adaptation is Ca2+ dependent 
and that, at suffi  ciently high positive potentials, it is not 
present (Kurahashi and Menini, 1997; Takeuchi and 
Kurahashi, 2003). Indeed at +50 mV, Ca2+ infl  ux is 
much smaller than at −50 mV, and intracellular Ca2+ 
concentration does not reach a level suffi  cient  to 
induce adaptation.
Fig. 5 shows responses in Ringer solution to two iden-
tical fl  ashes at various relative light intensities in the 
same neuron. The percentage of current reduction af-
ter the second pulse was not the same at different light 
intensities: 31% at 0.25, 22% at 0.5, and 43% at 1 rela-
tive light intensities. Peak currents depend both on the 
released concentration of 8-Br-cAMP and on the amount 
of Ca2+ entering the cell, producing both inhibitory 
and excitatory effects. Indeed, the current reduction 
measured in Ringer solution to the second of a paired 
pulse is likely to be due both to a reduction in CNG cur-
rent, and also to a reduction in Ca2+-activated Cl− cur-
rents related to a decreased Ca2+ infl  ux through the 
CNG channels. We will present data showing that adap-
tation is primarily due to the inhibitory Ca2+ effect on 
the CNG channel (Fig. 9).
The amplitude of the adapted current response pro-
gressively recovered to the control value as the time in-
terval between repetitive stimuli was increased. As 
previously shown (Fig. 4), responses are heterogeneous 
and, as a consequence, the time necessary to recover 
from adaptation is not the same in every cell, as it 
Figure 3.  Kinetics of current recovery to baseline in 0 Ca2+ 
Ringer. Current responses induced by photorelease of 8-Br-cAMP 
as a function of fl  ash intensity in 0 Ca2+ Ringer. Holding potential 
was −50 mV. Flashes of increasing relative intensities 0.01, 0.1, 
0.32, 0.5, 0.8, 1 were applied to the ciliary region. In this neuron, 
the maximal current response, entirely due to activation of CNG 
channels, was already reached at 0.5 relative light intensity. Higher 
light intensities elicited the same peak current, but increased the 
time necessary for the current to return to baseline, probably due 
to the time employed by 8-Br-cAMP to diffuse away from the cilia. 
The increase in recovery time with higher light intensity indicates 
that although the CNG current was already fully activated, the in-
traciliary concentration of 8-Br-cAMP could be further increased, 
meaning that with a pipette concentration of 50 μM caged 8-Br-
cAMP, the range of light intensity of our experimental system 
could fully activate the CNG channels.  Boccaccio et al. 177
 depends on the released concentration of cyclic nucleo-
tides, on the amount of Ca2+ entering the cell, and its 
relative inhibitory and excitatory effects. Fig. 6 illustrates 
the responses to two identical fl  ashes photoreleasing 
8-Br-cAMP at various time intervals in one olfactory sen-
sory neuron. When the interval between fl  ashes was 2.5 s, 
the peak amplitude response to the second fl  ash was 
  reduced to 38% of the response to the fi  rst fl  ash. The 
adapted response progressively recovered to 50% of the 
control with a time interval between fl  ashes of 4 s, and 
to 71% when the time interval was 6.8 s. In Fig. 6 B, 
the responses shown in A were plotted superimposed. 
Similar results were measured in seven neurons for 8-Br-
cAMP and in four neurons for cAMP. These results are 
in general agreement with previously published results 
measuring the time necessary for recovery from fast 
odorant adaptation of olfactory sensory neurons both in 
amphibians (Kurahashi and Menini, 1997; Leinders-
  Zufall et al., 1998; Takeuchi and Kurahashi, 2003) and 
in mammals (Ma et al., 1999). However, we have also 
found that in some neurons (Fig. 4), the time necessary 
for the current to recover from adaptation was longer, 
and it is likely that a similar range will be found with in-
vestigations of odor responses on a longer time scale.
Adaptation: Shift of the Dynamic Range
Sensory adaptation is not merely a reduction in re-
sponse amplitude, but it involves the adjustment of the 
response to allow a cell to work over a broad range of 
stimuli (for review see Torre et al., 1995). Indeed, in 
odorant adaptation to repetitive stimuli there is a shift 
of the dynamic range (i.e., the range of stimulus con-
centrations over which the olfactory sensory neuron is 
able to respond) toward higher odorant concentrations 
compared with the control state (Kurahashi and 
Menini, 1997; Reisert and Matthews, 1999).
To examine whether the current reduction measured 
in repetitive photoreleases of 8-Br-cAMP (Figs. 4–6) was 
Figure 4.  Response adaptation to photorelease of cAMP or 8-Br-cAMP. Different olfactory sensory neurons were loaded with 50 μM 
caged 8-Br-cAMP (A, C, and E) or with 250 μM caged cAMP (B and D). A and B show current responses to repetitive light fl  ashes of the 
same maximal intensity at interfl  ash interval of 20 s in two neurons with similar adaptation properties. In each panel, recordings at +50 mV 
(top traces) and at −50 mV (bottom traces) were obtained from the same neuron. The two selected neurons showed similar adaptation 
in 8-Br-cAMP (A) and cAMP (B). At −50 mV, the peak amplitudes of the responses to the second fl  ash (−403 pA, −160 pA) were 42% 
and 38% of the responses to the fi  rst fl  ash (−951 pA, −421 pA) for 8-Br-cAMP (A) or cAMP (B), respectively. At +50 mV, the peak am-
plitudes of current responses to repetitive fl  ashes were very similar, indicating the absence of adaptation. C and D show two neurons in 
which adaptation was measured at interfl  ash intervals of 6.3 s (C) or 4.6 s (D). The two selected neurons showed similar adaptation in 
8-Br-cAMP (C) and cAMP (D). At −50 mV, the peak amplitudes of the responses to the second fl  ash (−298 pA, −302 pA) were 61% and 
59% of the responses to the fi  rst fl  ash (−488 pA, −511 pA) for 8-Br-cAMP (C) or cAMP (D), respectively. (E) Control experiment in a 
different neuron in nominally 0 Ca2+ Ringer solution, where the absence of Ca2+ entry prevented both adaptation and the activation of 
the Ca2+-activated Cl− channel. Currents to repetitive fl  ashes of the same maximal intensity photoreleasing 8-Br-cAMP reached a similar 
amplitude both at +50 mV (226 and 225 pA), and at −50 mV (−306 and −290 pA), indicating the photorelease of the same 8-Br-cAMP 
concentration. Control experiments in 0 Ca were obtained in a total of fi  ve neurons.178 Adaptation in Olfactory Sensory Neurons
due to a simple reduction of peak current amplitude or 
was instead caused by a shift of the dynamic range of the 
response, we measured the relation between fl  ash in-
tensity and response in the same olfactory sensory neu-
ron fi  rst in the control state (as in Fig. 1) and then in 
the adapted state. Fig. 7 shows current responses and 
dose–response relations from two different olfactory 
sensory neurons in the control and in the adapted state. 
A dose–response in the control state was measured by 
photoreleasing 8-Br-cAMP at various light intensities 
(Fig. 7, A and E). Each olfactory sensory neuron was 
then adapted by photoreleasing 8-Br-cAMP with a fi  rst 
light fl  ash of the maximal intensity,   and then a second 
fl  ash of various light intensities was applied, as illus-
trated in Fig. 7 (C and G). The current responses mea-
sured in the adapted state at the same relative light 
intensities as in the control state were plotted superim-
posed in Fig. 7 (B and F). A comparison between Fig. 7 
(A and B) for one neuron and Fig. 7 (E and F) for a dif-
ferent neuron shows that the same relative fl  ash inten-
sity produced very different responses in the presence 
of the adapting stimulus. For example, for the fi  rst 
  neuron, a relative intensity of 0.5 in the control state 
produced 80% of the maximal current, whereas in the 
adapted state, the current was only 5% of the maximal 
current in the control state (Fig. 7 C). In the second 
neuron, a relative intensity of 0.5 had already pro-
duced the maximal current, whereas in the adapted 
state, the current was reduced to  30% of the maxi-
mal value (Fig. 7 G). A plot of the current as a function 
of fl  ash intensity in the control and in the adapted 
state (Figs. 7 D, H) revealed the expected shift of the 
dynamic range. Therefore, in the adapted state, the 
response range varied and higher fl  ash intensities, re-
leasing higher 8-Br-cAMP concentrations, were neces-
sary to induce a response of the same amplitude as in 
the control state.
Data obtained from different neurons are usually not 
quantitatively comparable because the amount of shift 
of the dose response varied from cell to cell.
Inhibition of PDE by IBMX
The experiments illustrated in Figs. 4–7 show that also 
in the presence of 8-Br-cAMP, adaptation was measured. 
If 8-Br-cAMP is poorly hydrolyzable by PDE1C2, our re-
sults are consistent with the hypothesis that PDE1C2 
  activity is not necessary for fast response adaptation. 
However, since there is no direct demonstration that 
Figure 5.  Response adaptation at different light intensities. 
Whole-cell currents induced by repetitive photorelease of 
8-Br-cAMP in an olfactory sensory neuron held at −50 mV. The 
arrows indicate the timing of the light fl  ashes at 0.25 (top trace), 
0.5 (middle trace), and 1 (bottom trace) relative light intensities. 
Response adaptation was measured at interfl  ash interval of 20 s. 
The peak amplitude of the adapted response was 31%, 22%, 
and 43% of the control response at 0.25, 0.5, and 1 relative light 
intensities, respectively.
Figure 6.  Time course of recovery from adaptation. (A) Re-
sponses to photorelease of 8-Br-cAMP were obtained with two 
light fl  ashes of the same intensity at various time intervals 2.5, 4, 
and 6.8 s in the same olfactory sensory neurons. Traces in A are 
shown superimposed in B. Arrows indicate the timing of the light 
fl  ashes. The holding potential was −50 mV.   Boccaccio et al. 179
8-Br-cAMP is resistant to hydrolysis by PDE1C2, we also 
investigated the role of PDE in fast adaptation by using 
the PDE inhibitor IBMX to further reduce the possibil-
ity that PDE1C2 in the cilia could hydrolyze 8-Br-cAMP. 
It is well known that application of IBMX often evokes a 
current in olfactory sensory neurons (Firestein et al. 
1991a,b; Lowe and Gold 1993a). Indeed, in the cilia of 
olfactory sensory neurons there is an endogenous activ-
ity of both adenylate cyclase and PDE, and, in the pres-
ence of IBMX, the intraciliary cAMP concentration 
increases due the basal production of cAMP. To prevent 
the endogenous production of cAMP, we pretreated ol-
factory sensory neurons with the adenylate cyclase an-
tagonists SQ 22,536 (Harris et al., 1979) or MDL-12,330A 
(Guellaen et al., 1977). The actions of the two antago-
nists have been investigated systematically in olfactory 
sensory neurons and it has been shown that both antag-
onists specifi  cally block cAMP formation without affect-
ing the olfactory CNG channel (Chen et al., 2000). After 
pretreatment with SQ 22,536 or MDL-12,330A to inhibit 
adenylate cyclase, we added IBMX to the bath solution 
to inhibit PDE. Fig. 8 shows the responses evoked by re-
petitive photorelease of 8-Br-cAMP at a holding poten-
tial of −50 mV. The response to the fi  rst fl  ash was −900 pA 
and to the second fl  ash was −265 pA, corresponding to 
a current reduction to 29% of its initial value. The oc-
currence of adaptation to repetitive pulses in the pres-
ence of IBMX provides a further indication that PDE 
activity is not necessary for olfactory adaptation.
Changing the Reversal Potential for Cl−
The current elicited by 8-Br-cAMP is composed both of a 
cationic component through CNG channels and of an 
anionic component through Ca2+-activated Cl− channels. 
The measured adaptation in the presence of 8-Br-cAMP, 
even upon addition of IBMX to further inhibit PDE1C2 
hydrolysis, could also be due to a Ca2+-mediated effect 
on the Cl− current instead than on the CNG channel. To 
investigate this possibility, we decreased Cl− permeation 
by shifting the reversal potential of the Cl− current to 
−50 mV, by using an intracellular solution where most of 
the Cl− was replaced with gluconate. Fig. 9 shows the re-
sponses to two identical fl  ashes applied to photorelease 
8-Br-cAMP at +50 or −50 mV. At the holding potential of 
+50 mV (top trace), the peak responses to repetitive 
fl  ashes had a similar amplitude of  80 pA. At the hold-
ing potential of −50 mV (bottom trace), corresponding 
to the calculated reversal potential for Cl−, the peak 
  response to the fi  rst fl  ash was −22 pA and that to the 
Figure 7.  Shift of the dynamic range. Current responses induced 
by photolysis of caged 8-Br-cAMP in two olfactory sensory neu-
rons. Currents were measured as a function of relative fl  ash inten-
sities in control and in adapted condition for the fi  rst (A–D) and 
the second (E–H) olfactory neuron, respectively. Relative fl  ash in-
tensities were 0.32, 0.50, and 1 in the fi  rst neuron (A and B), with 
Imax = −1150 pA, and 0.1, 0.5, 0.8, and 1 in the second neuron 
(E and F), with Imax = −340 pA. The superimposed current re-
sponses in the adapted state were obtained from the experiments 
illustrated in C and G: an adapting fl  ash of maximal light intensity 
was applied to the neuron followed by a second fl  ash after 19 s in 
C and 30 s in G. The intensity of the fi  rst fl  ash was kept constant 
and the intensity of the second fl  ash was varied as indicated in the 
fi  gure. The holding potential was −50 mV. (D and H) Normal-
ized peak currents were plotted versus relative fl  ash intensity both 
for the control (fi  lled squares) and for the adapted (open squares) 
state. Data were fi  tted by the Hill equation, Eq. 1, with F1/2 = 0.36 
and n = 3.7 in the control, and with F1/2 = 0.85 and n = 5.5 in the 
adapted state for the fi  rst neuron (D), and with F1/2 = 0.11 and 
n = 3.2 in the control, and with F1/2 = 0.72 and n = 1.9 in the 
adapted state for the second neuron (H). Results showing a shift 
of the dynamic range in the adapted state toward higher light 
  intensities compared with the control state were measured in 
three olfactory sensory neurons.180 Adaptation in Olfactory Sensory Neurons
  second fl  ash was −8 pA, corresponding to 36% of the 
control response. In these ionic conditions, the response 
was mainly mediated by a cationic current through CNG 
channels, and therefore Fig. 9 shows that adaptation was 
present at the level of CNG channels activated by 8-Br-
cAMP. It is of interest to note that the current in control 
conditions was higher at +50 mV (80 pA) than at −50 mV 
(−22 pA) (ratio 3.6). The rectifi  cation we have measured 
is consistent with previous reports of the current–voltage 
relation properties of CNG channels in olfactory cilia. 
In fact, in the presence of 1 mM Ca2+ in the external 
  solution,  CNG channels are more strongly inhibited by 
Ca2+ at negative than at positive potentials. From Fig. 1 of 
Kleene (1995), it can be estimated that in the presence of 
1 mM Ca2+, the ratio between the CNG current at +50 
and −50 mV was  4, very similar to the value we mea-
sured in our experimental conditions.
Ca2+-activated Cl− Channels
To investigate the possibility that response adaptation 
occurs also on Ca2+-activated Cl− channels, we produced 
repetitive intraciliary Ca2+ increases to directly activate 
Cl− channels by photolysis of caged Ca2+ (Fig. 10). In 
these experiments, the intracellular solution in the 
patch pipette contained caged Ca2+ instead of caged 
8-Br-cAMP. We measured the current in response to Ca2+ 
photorelease by fl  ashes of various light intensities and 
plotted peak current amplitudes as a function of relative 
light intensity, F. Data were fi  tted by the Hill equation, 
Eq. 1. The best fi  t gave Imax = 1250 pA, F1/2 = 0.13, and 
n = 1.5. The average value for n was 1.7 ± 0.3. We esti-
mated the concentration of Ca2+ photoreleased in the cilia 
by comparing data from Fig. 10 with dose–response rela-
tions obtained from excised inside-out patches from the 
knob/cilia in the mouse K1/2 = 3.5 μM, n = 1.4 (Reisert 
et al., 2005) or K1/2 = 4.8 μM, n = 1.9 (Pifferi et al., 
2006), and we found that the maximal photoreleased 
concentration of Ca2+ varied between 10 and 50 μM.
Fig. 11 shows the response to repetitive photoreleases 
of Ca2+ at interpulse interval of  5 s at two light intensi-
ties in the same neuron. At both light intensities, the 
current elicited by the second light fl  ash had approxi-
mately the same amplitude as the one measured with 
the fi   rst light fl   ash, showing absence of adaptation. 
These experiments indicate that repetitive Ca2+ in-
creases do not produce a reduced responsiveness of the 
Ca2+-activated Cl− channels, but also show that in the 
small volume of the cilia there was no Cl− depletion.
DISCUSSION
The aim of this study was to investigate the role of PDE 
in olfactory fast adaptation. We directly photoreleased 
8-Br-cAMP in the cilia of olfactory sensory neurons and 
Figure 8.  Response adaptation in the presence of the PDE inhib-
itor IBMX. Adaptation of the responses to photorelease of 8-Br-
cAMP at −50 mV in presence of IBMX (300 μM) and MDL-12,330A 
(50 μM) in the bath. Interfl  ash interval 10 s. The peak amplitude 
of the response to the second fl  ash (−265 pA) was reduced to 
29% of the response to the fi  rst fl  ash (−914 pA). After 2 min, the 
response recovered to its initial value. Five olfactory sensory neu-
rons were tested with repetitive fl  ashes in the presence of IBMX 
and MDL-12,330A (two neurons) or SQ 22,536 (three neurons) 
and all showed adaptation.
Figure 9.  Response adaptation of the cationic current compo-
nent. The reversal potential of the Cl− current was set at −50 mV, 
reducing the intracellular Cl− concentration by partial replace-
ment with gluconate. Responses to photorelease of 8-Br-cAMP 
by two light fl  ashes of the same intensity, interfl  ash interval 20 s. 
Currents in the same olfactory sensory neuron were measured at 
the holding potential of +50 mV (top trace) or −50 mV (bottom 
trace), corresponding to the calculated reversal potential for 
chloride. Current amplitudes at +50 mV were similar (80 and 
81 pA), whereas at −50 mV, the response to the second fl  ash 
(−8 pA) was reduced to 36% of the response to the fi  rst fl  ash 
(−22 pA). The small size of the CNG-induced inward current is 
consistent with previous data showing that in the presence of 
1 mM external Ca2+, the ratio between the CNG current at +50 
and −50 mV was  4 (Fig. 1 of Kleene, 1995) and indicates that in 
mouse olfactory sensory neurons, high values of inward current 
are due to Ca2+-activated Cl− current. Similar results were mea-
sured in a total of fi  ve olfactory sensory neurons.  Boccaccio et al. 181
measured adaptation in response to repetitive release of 
the same ligand concentration (Figs. 4–6). Moreover, we 
also observed adaptation in double fl  ash experiments in 
the presence of the PDE inhibitor IBMX (Fig. 8), di-
rectly ruling out the hypothesis that PDE activity is sig-
nifi  cant in fast adaptation. Previous studies have in fact 
only provided some indirect indication that the hydro-
lytic activity of PDE is not involved in adaptation. In one 
study, odorant adaptation has been shown to occur after 
the synthesis of cAMP and to be consistent with negative 
feedback modulation by Ca2+-CaM of the CNG channel 
(Kurahashi and Menini, 1997). Other studies have mea-
sured a reduction in current responses induced by re-
petitive applications of the PDE inhibitor IBMX, giving 
indirect evidence that PDE is not responsible for adapta-
tion (Ma et al., 1999, 2003; Munger et al., 2001).
Since the increase in intracellular Ca2+ concentration 
also has excitatory effects, because it increases the open 
probability of Ca2+-activated Cl− channels, we investi-
gated the contribution to adaptation of the two types of 
channels responsible for the inward current. We sepa-
rated CNG currents from Ca2+-activated Cl− currents by 
changing the chloride equilibrium potential to the 
holding potential of −50 mV and found that adaptation 
was present (Fig. 9). Furthermore, we investigated the 
possibility that Ca2+ has an adapting effect also on Ca2+-
activated Cl− channels by directly activating these chan-
nels through photolysis of caged Ca2+ (Fig. 10). Currents 
elicited by repetitive pulses had very similar amplitudes 
(Fig. 11), indicating that Ca2+-activated Cl− channels 
are not directly involved in the adaptation process, con-
sistently with the lack of sensitivity to Ca2+-CaM of Ca2+-
activated Cl− channels measured in intact cilia (Kleene 
1999), or in excised patches from knob/cilia of  olfactory 
sensory neurons (Reisert et al., 2003), and with   previous 
experiments on adaptation to odorant stimuli per-
formed in the presence of SITS, a blocker of Ca2+-
activated Cl− current (Kurahashi and Menini, 1997). 
So, after photorelease of 8-Br-cAMP, its concentration 
in the cilia should be mainly reduced by diffusion to the 
Figure 10.  Current responses induced by photorelease of Ca2+ as a function of fl  ash intensity. (A) Caged Ca2+ (DMNP-EDTA) diffused 
into the cell from the patch pipette and fl  ashes of increasing intensity were applied to the ciliary region. The arrow indicates the time of 
application of light fl  ashes of various relative intensities: 0.01, 0.05, 0.16, and 1. Whole-cell current responses were measured at the hold-
ing potential of −50 mV. (B) Peak currents from the cell in A were plotted as a function of the relative light intensity, F. The continuous 
line was the best fi  t of the Hill Eq. 1 to the data with the following values: Imax = 1250 pA, F1/2 = 0.13, and n = 1.5. (C) Collected results 
from four different olfactory sensory neurons. Each symbol represents a different cell. Both axes are normalized values. Normalized 
peak currents in each cell (I/Imax) were plotted versus the logarithm of the relative intensity normalized to the F1/2 value (F/F1/2) for 
each cell. The continuous line was the best fi  t of Eq. 1 to the collected data with n = 1.6. F1/2 values ranged between 0.12 and 0.34 and 
n values varied from 1.4 to 2.1, with an average of 1.7 ± 0.3 (N = 4).
Figure 11.  Responses to repetitive photorelease of Ca2+. Whole-
cell currents induced by repetitive photorelease of Ca2+ (DMNP-
EDTA) in an olfactory sensory neuron at −50 mV. The arrows 
indicate the timing of the light fl  ashes at 0.32 (A) and 1 (B) rela-
tive light intensity. Currents elicited by the second fl  ash were very 
similar to those induced by the fi  rst one, indicating the absence of 
adaptation (130 and 135 pA at 0.32 [A]; 970 and 870 pA at 1 rela-
tive light intensity [B]). Three olfactory sensory neurons showed 
a similar absence of current adaptation to the second photo-
release of Ca2+.182 Adaptation in Olfactory Sensory Neurons
dendrite and cell body or by possible binding to buffer-
ing sites, rather than by hydrolysis. Indeed, it has been 
previously estimated that cyclic nucleotides in olfactory 
cilia can cover a distance of >20 μm in 1 s (Chen et al. 
1999; Lagostena and Menini, 2003). Based on these cal-
culations and on the experiments shown in Fig. 3, in 
which the CNG current in nominally 0 Ca2+ returned to 
baseline within a few seconds, it is likely that 8-Br-cAMP 
will diffuse away from the cilia in a few seconds after 
  being photoreleased.
Ca2+-CaM Inhibition of the Native Olfactory CNG Channel
Experiments on modulation of the CNG channel by 
Ca2+-CaM provide an explanation for our results. Bradley 
et al. (2004, 2005) showed that an endogenous factor, 
likely apocalmodulin, is already bound to the olfactory 
CNG channel even in the absence of Ca2+ and that 
when Ca2+ concentration becomes higher than 100 nM, 
Ca2+ can rapidly modulate the CNG channel sensitivity 
by directly binding to the preassociated CaM. Since 
Ca2+ enters into the olfactory cilia through the CNG 
channel itself, there would be a very fast feedback mod-
ulation at the channel level, and therefore Ca2+-CaM 
inhibition of the CNG channel could be much faster 
than Ca2+-CaM increase of PDE activity.
But how can the Ca2+-CaM concentration cause a cur-
rent reduction in the adapted state even several seconds 
after the fi  rst stimulus? When CNG channels were acti-
vated by cAMP in excised inside-out patches from knob/
cilia of olfactory sensory neurons, the addition of Ca2+-
CaM produced a fast current decrease that persisted for 
several seconds also after CaM was removed in Ca2+-free 
solution (see Fig. 2 A in Bradley et al. 2001; Fig. 3 [B 
and E] in Munger et al., 2001; Pifferi et al., 2006). It is 
likely that this long-lasting inhibition of CNG channels, 
even after removal of Ca2+-CaM, is the principal molec-
ular mechanism responsible for adaptation to repetitive 
stimuli. Nevertheless, further studies on the time course 
and Ca2+ dependence of the persistent reduction of 
sensitivity to cyclic nucleotides of the olfactory CNG 
channels are required to obtain a better understanding 
of adaptation.
Quantitative Estimate
To obtain a quantitative estimate of how negative feed-
back modulation of the CNG channel can describe our 
experiments we used previously published data obtained 
in excised inside-out patches from native channels. 
Balasubramanian et al. (1996) measured the dose–
  response for both cAMP and 8-Br-cAMP and the modu-
lation by Ca2+-CaM in excised patches from the 
dendrite knobs of rat olfactory sensory neurons. They 
discovered that modulation of cyclic nucleotide sensi-
tivity by 0.2 mM Ca2+-CaM was similar whether CNG 
channels were activated by cAMP or by 8-Br-cAMP. 
CNG channel sensitivity was greatly reduced by the 
  increase of K1/2 of 63-fold (from 3.2 μM to 201 μM) for 
cAMP and of 84-fold (from 0.3 μM to 31 μM) for 
8-Br-cAMP.
In our experimental conditions we have estimated that 
the maximal concentration of 8-Br-cAMP photoreleased 
in the cilia was in the range between 5 and 10 μM. By 
using the Hill parameters obtained by Balasubramanian 
et al. (1996), the calculated open probability of the 
CNG channel in the absence of Ca2+ is 0.992 at 5 μM 
and 0.998 at 10 μM 8-Br-cAMP. In the presence of 
0.2 mM Ca2+-CaM, the open probability is reduced to 
0.23 at 5 μM and to 0.32 at 10 μM 8-Br-cAMP. This cal-
culation shows that even in the presence of high con-
centrations of 8-Br-cAMP, producing >0.99 channel 
open probability, it is possible to have a substantial 
  modulation of CNG channel sensitivity and a conse-
quent reduction of current amplitude. The reduction is 
modulated by the concentrations of Ca2+-CaM. This es-
timate was based on steady-state measurements of CNG 
channel dose–response modulated by one concentra-
tion of Ca2+-CaM. In physiological conditions Ca2+-CaM 
modulation is a dynamical process intermingled with 
activation of Cl− currents by Ca2+. Recently Reidl et al. 
(2006) have developed an elegant mathematical model 
that provides a quantitative dynamical explanation of 
fast olfactory adaptation based on Ca2+-CaM negative 
regulation of the CNG channel. Fig. 3 of Reidl et al. 
(2006) shows that the decrease of free Ca2+ concentra-
tion was completed within 1 s of the odorant stimulus, 
whereas the disinhibition of CNG channels by Ca2+-
CaM was the slowest process. In the simulation, 4 s after 
the delivery of the fi  rst odorant pulse, 50% of the CNG 
channels were still inhibited by Ca2+-CaM, producing 
therefore a reduced response to an identical odorant 
stimulus, producing the same cyclic nucleotide concen-
tration as in the fi  rst pulse. Further experiments and 
mathematical modeling are required for a more 
detailed comprehension of how adaptation occurs at 
  molecular level.
Molecular Picture of Ca-dependent Fast Adaptation
Our results are consistent with the following overall mo-
lecular picture of how Ca2+ causes adaptation. Ca2+ en-
ters the cilia through the CNG channels, and the 
channel sensitivity to cyclic nucleotides is rapidly re-
duced by Ca2+-CaM modulation. As a consequence, 
CNG channel open probability could be signifi  cantly 
reduced for several seconds. The increase in intraciliary 
free Ca2+ concentration will also cause an additional 
  inward current due to Ca2+-activated Cl− channels. After 
a fi  rst increase, the intraciliary free Ca2+ concentration 
will decrease both because Ca2+ is continuously ex-
truded via the Na+/Ca2+ exchanger, and because its 
  entry will be progressively reduced by the inhibition 
of CNG channels caused by Ca2+-CaM. As the intra-
ciliary Ca2+ concentration decreases, Ca2+-activated   Boccaccio et al. 183
Cl−   channels will progressively close. CNG channel in-
hibition by Ca2+-CaM persists for several seconds even 
in free 0 Ca2+ solutions (Bradley et al., 2001; Munger 
et al., 2001). Thus, in the adapted state, CNG channels 
are partially inhibited and therefore the same cyclic nu-
cleotide concentration as in the control state produces 
a lower CNG channel open probability and, as a conse-
quence, a smaller current. The decrease in CNG chan-
nel open probability due to Ca2+-CaM can be overcome 
with a higher cyclic nucleotide concentration, explain-
ing in this way how an olfactory neuron can have a 
broader dynamic range.
In physiological conditions, cAMP concentration in 
the cilia is likely to be decreased both by the increased 
hydrolytic PDE1C2 activity due to Ca2+-CaM and by 
  diffusion to the dendrite and cell body.
In conclusion, our experiments contribute to the 
present understanding of the molecular mechanisms 
underlying fast adaptation of olfactory sensory neurons 
to repetitive stimuli, by providing direct evidence that 
PDE is not responsible for this process. Whether or not 
PDE activity is involved in adaptation to long odorant 
exposures is still an open question.
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